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UO2 and UO2.07 were characterized from 25–1000
◦C using neutron total scattering in order to
evaluate effects of temperature and phase boundaries on local and average structures. Analyses
of unit cell parameters showed that both materials exhibit very similar thermal expansion behav-
ior and thermal expansion data lay along the upper bound of uncertainty for standard empirical
models, indicating a slightly faster thermal expansion rate. Atomic displacement parameters of
UO2.07 showed evidence for U4O9 phase boundaries in accordance with the established phase dia-
gram, despite the suppression of U4O9 superlattice peaks in the measured diffraction patterns. Pair
distribution functions revealed that the differences in local structure between UO2 and UO2.07 were
very small and PDF features are dominated by thermal effects. The rate of contraction of the first
nearest-neighbor U-O distances of UO2 and UO2.07 between 25–1000
◦C were shown to agree with
molecular dynamics simulations and local structure analyses previously performed on UO2 above
1000 ◦C.
1. INTRODUCTION
UO2, as a nuclear fuel, incorporates extraordinary
amounts of atomic disorder during and after in-pile op-
eration. Oxygen defects, specifically interstitials, play
a key role in the structural evolution of this material,
especially at high temperature. Oxygen interstitials in
oxidized UO2 are known to cluster and can ultimately
influence phase stability and important physiochemical
properties, such as diffusivity [1]. Therefore, accurate
assessment of temperature-induced structural changes is
necessary in order to better predict the behavior of engi-
neering properties under off-normal conditions.
The structure of UO2 has been studied for decades;
however, there is increasing evidence to show that stoi-
chiometric UO2 exhibits structural subtleties that may
account for unusual and unexpected properties, such
as anisotropic thermal conductivity [2]. Pure, stoichio-
metric UO2 exhibits the fluorite structure (space group
Fm3m) at room temperature with uranium and oxygen
occupying 4a and 8c sites, respectively. This structure
has been shown to persist to temperatures as high as
∼2865 ◦C, where melting occurs.
Despite this, recent analyses of UO2 at 1000
◦C show
that the local structure is inconsistent with ideal fluo-
rite structure symmetry and the material may exhibit
∗Corresponding Author: raul.i.palomares@gmail.com
local structural distortions induced by anion sublattice
re-structuring [3]. Studies further suggest that the rate
of thermal expansion for stoichiometric UO2 is higher
than previously assumed [4]. These investigations high-
light the need to revisit and re-evaluate the structural
properties of this important energy material.
This study investigates how temperature and moder-
ate hyper-stoichiometry influence atomic arrangements
in fluorite-structured uranium oxide. Emphasis is placed
on correlating local-structure modifications to average-
structure modifications as they relate to temperature
variation and phase changes. Changes in short-range
atomic structures are characterized through inspection
of atomic displacement parameters (ADPs) from diffrac-
tion, and pair distribution function (PDF) analysis of
neutron total scattering data.
The structures of UO2 and UO2.07 were investigated
from room temperature to 1000 ◦C. This is unique from
recent PDF studies of UO2 that focus exclusively on
higher temperatures (≥1000 ◦C) [3, 5]. Results from
this study show that phase transitions can be identi-
fied by statistically-significant fluctuations in ADP be-
havior. PDF analyses reveal that local structural modi-
fications induced by both temperature and oxidation are
extremely subtle and require detailed structural model-
ing in order to reveal oxygen defect ordering schemes in
hyper-stoichiometric UO2 (UO2+x).
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22. EXPERIMENTAL
2.1. Sample Preparation
Polycrystalline powders were derived from dense pel-
lets made with UO2+x (∼UO2.16) feedstock material pur-
chased from International Bio-analytical Industries Inc.
USA. Dense microcrystalline pellets were prepared by
spark plasma sintering (SPS) at 1300 ◦C for either 5 min-
utes or 30 minutes under a load of 40 MPa using graphite
dies. The use of graphite dies ensured that the uranium
oxide pellets were reduced in situ during the sintering
process, with the degree of reduction being dependent
on the sintering time. The as-prepared pellets were char-
acterized by X-ray diffraction (XRD) and stored in inert
gas atmosphere. Additional details regarding the pel-
let preparation process and XRD measurements are pro-
vided elsewhere [6]. The powder neutron total scattering
samples were prepared by grinding the dense pellets in
inert gas atmosphere. Samples referred to as UO2 and
UO2.07 were derived from pellets sintered for 30 minutes
and 5 minutes, respectively.
2.2. Thermogravimetric Analysis
Weight gain data were collected through thermogravi-
metric analysis (TGA). TGA was performed within the
Notre Dame Materials Characterization Facility (MCF)
using a Setaram LABSYS evo TGA-DSC instrument
following a procedure modeled after ASTM C-1453-00
[7]. Approximately 10-50 mg quantities of powder were
loaded into 100 µL alumina crucibles and heated to
900 ◦C under flowing gas atmosphere. Samples were
run under synthetic air with a constant flow rate of 40
mL/min. All loaded samples were equilibrated at room
temperature prior to tarring and increasing temperature.
The heating rate was set to 10 ◦C/min and the maximum
temperature, 900 ◦C, was held for three hours to allow
for complete oxidation of samples to U3O8. Oxidation
was determined to be complete when weight gain satu-
rated and when a large, exothermic peak was observed in
the differential scanning calorimetry (DSC) curve. The
large exothermic peak denoted completion of the trans-
formation to U3O8. Weight precision of the balance was
∼0.01%.
2.3. Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)
All sample digestions and ICP-MS analyses were per-
formed in a Midwest Isotope and Trace Element Research
Analytical Center (MITERAC) class-1000 clean room at
the University of Notre Dame. Digestions were con-
ducted using oxidized U3O8 powders from TGA. Approx-
imately 10–20 mg quantities of powder were loaded into
15 mL Savillex Teflon vials along with 3 mL of concen-
trated nitric acid and ∼0.5 mL of double-distilled, con-
centrated hydrofluoric acid. The mixtures were heated
at 150 ◦C until samples were completely dissolved and
all liquid had evaporated. Dried and concentrated sam-
ples were re-dissolved in 0.5 mL mixtures of 8-molar (8M)
nitric acid and 0.1M hydrofluoric acid.
These samples were subjected to uranium ion exchange
in order to selectively separate uranium from the impu-
rity elements of interest that exist in low concentrations.
The uranium separation procedure was modeled after
experiments described in reference [8]. Uranium sepa-
rations were performed using UTEVA resins that were
pre-conditioned with milli-Q water, 3M nitric acid, and
finally, mixtures of 8M nitric acid and 0.1M hydrofluoric
acid. Samples obtained after ion exchange were dried at
110 ◦C in Teflon vials, rinsed, and re-suspended in 5 mL
of 2% nitric acid spiked with arsenic internal standard
for ICP-MS measurements.
Digested samples and diluted standards were measured
with a high-resolution Attomm ICP-MS instrument by
Nu Instruments. Reported concentrations represent av-
eraged values from eleven individual measurements. Re-
sults for UO2 and UO2.07 samples were combined be-
cause both materials were synthesized using the same
feedstock material and concentrations were expected to
be low. Detection limits were estimated with linear cali-
bration curves for high-purity elemental standards in the
range 0.005–175 µg/L using linear regression coefficients
in excess of 0.99.
2.4. Neutron Total Scattering
Neutron total scattering measurements were per-
formed at the Nanoscale Ordered Materials Diffractome-
ter (NOMAD) beamline at the Spallation Neutron Source
(SNS) at Oak Ridge National Laboratory. Powder UO2
and UO2.07 samples (∼1 g each) were loaded in a glove-
box filled with inert gas in order to avoid exposure of
the powder samples to air. Each sample was double-
encapsulated by loading into a quartz nuclear magnetic
resonance (NMR) tube that was subsequently loaded into
a vanadium can. Loaded vanadium cans were sealed in-
side of the glovebox prior to removal for measurements
at the beamline.
Each sample was measured at room temperature and
at elevated temperature inside of an Institut Laue-
Langevin (ILL)-type vacuum furnace. High vacuum
(10−6–10−7 Torr) was maintained throughout the ex-
periments. Data were collected for 30 minutes at each
temperature indicated in Figure 1. Shorter measurement
times of 2 minutes were also used to collect data in situ
as the samples were heated. 30-minute collection times
yielded higher-quality data that enabled pair distribu-
3tion function (PDF) analysis. Lower-quality data from
2-minute measurements enabled diffraction analysis be-
cause of the strong Bragg scattering signal, but counting
statistics for these 2-minute data were not high enough
to permit accurate PDF analysis.
FIG. 1: Phase diagram of uranium oxide adapted from ref-
erence [9]. Red points denote temperatures at which neutron
total scattering data were collected for UO2 and UO2.07 sam-
ples.
NOMAD detectors were calibrated using diamond
powder and data were normalized using measured scat-
tering intensity from a solid vanadium rod. Total scatter-
ing measurements were corrected for multiple-scattering
and absorption effects and data were normalized to ab-
solute scale by taking into account densities and pack-
ing fractions of the measured samples. Corrected total-
scattering structure factors, F (Q), were converted into
differential correlation functions, D(r), using the rela-
tion:
D(r) = 4pirρ0G(r)
where G(r) is the total radial distribution function de-
fined as:
G(r) =
1
(2pi)3ρ0
∫ Qmax
Qmin
4piQ2 F (Q)
sin(Qr)
Qr
dQ
where ρ0 is the average number density of the material, Q
is the scattering vector of length 4pisin(θ)/λ for a neutron
of wavelength λ scattered at an angle 2θ, and r is real-
space distance. Qmin and Qmax were set to 0.3 and 31.4
A˚−1, respectively.
2.5. Data Analysis
Neutron total scattering data were analyzed by both
Rietveld refinement and PDF analysis. Rietveld refine-
ment of diffraction patterns was performed using the
GSAS software [10]. Instrument parameters for GSAS
were obtained by refining the diffraction patterns of a Na-
tional Institute of Standards and Technology (NIST) sil-
icon powder standard. Diffraction patterns of both UO2
and UO2.07 were fit with the fluorite structure (space
group Fm3m) with uranium located at the 4a site and
oxygen at the 8c site. In the case of UO2.07, oxygen in-
terstitials (x = 0.07) were added to the 4b octahedral
interstitial site. A total of 12 parameters were refined.
These included a 6-coefficient background polynomial,
scale factor, zero-point, isometric unit cell parameter,
and isotropic atomic displacement parameters (ADPs)
for 4a, 8c, and 4b sites.
PDFs in the form of the D(r) functions were mod-
eled by small-box refinement performed with the PDFgui
software [11]. Fitted models were identical to the mod-
els used for Rietveld refinement. Small-box refinements
were performed with a total of 6 refineable parameters.
These included a scale factor, isometric unit cell parame-
ter, correlated motion parameter, and isotropic ADPs for
4a, 8c, and 4b sites. The correlated motion parameter is
unique to small-box refinement and reproduces effects of
correlated, short-range atomic motion. Overall material
compositions in Rietveld and small-box refinements were
fixed to experimentally-determined stoichiometry values
(see Section 3.1).
3. RESULTS AND DISCUSSION
3.1. Stoichiometry Determination
Stoichiometry measurements were performed by two
methods. The first method is based on unit cell param-
eter measurements. The UO2 matrix shrinks upon oxi-
dation owing to electronic structure modifications, such
as the incorporation of U5+ ions, which exhibit smaller
ionic radii compared to U4+ ions. The degree of lattice
contraction in the low oxygen-to-metal regime (x < 0.12
for UO2+x) can be directly related to the amount of oxi-
dation through the use of empirical equations. The unit
cell parameter, a, was directly related to the oxygen-to-
metal ratio (O:M) by the expression [12]:
a = (5.4705− 0.1306x)A˚
where x is the degree of deviation from perfect stoichiom-
etry for UO2+x (i.e., x = 0 for stoichiometric UO2). Ap-
plying unit cell parameters measured by laboratory X-ray
diffraction of the dense pellets yielded O:M ratio values
of 1.996(4) and 2.073(3) for the UO2 and UO2.07 sam-
ples, respectively. Unit cell parameters were also derived
4element µg element
per g U3O8
g oxide per
. g element
g oxide per
. g U3O8
Li 1.28 2.15 2.75E-06
Mg 17.46 1.66 2.90E-05
Al 10.51 1.89 1.99E-05
Cr 2 1.46 2.92E-06
Mn 1.55 1.58 2.45E-06
Fe 69.07 1.43 9.88E-05
Ni 10.65 1.27 1.35E-05
Co 0.1 1.41 1.41E-07
Cu 5.72 1.25 7.15E-06
Zn 11.46 1.24 1.42E-05
Zr 3.45 1.35 4.66E-06
Mo 1.91 1.5 2.87E-06
Cd 0.11 1.14 1.25E-07
In 0.05 1.21 6.10E-08
Sn 38.48 1.27 4.89E-05
Ba 0.8 1.12 8.96E-07
La 0.05 1.17 5.90E-08
Ce 0.03 1.17 3.50E-08
Gd 3.1 1.15 3.57E-06
Pb 1.3 1.15 1.50E-06
sum: 2.53E-04
standard deviation: 2.37E-05
TABLE I: Impurity concentrations in UO2 and UO2.07 sam-
ples as measured by inductively coupled plasma mass spec-
trometry (ICP-MS). Concentrations represent the average of
eleven measurements. Oxide conversion factors (g oxide/g
element) were obtained from reference [7].
from neutron total scattering measurements. Unit cell
parameters measured by neutron diffraction during the
total scattering experiments yielded O:M ratio values of
1.995(4) and 2.068(1) for the UO2 and UO2.07 samples,
respectively.
The second method used to calculate stoichiometry
was applied after the neutron total scattering measure-
ments using the ICP-MS and TGA data following a pro-
cedure modeled after ASTM C-1453-00 [7]. This method
is based on the assumption that weight gain during oxida-
tion of UO2 to U3O8 is solely from the ingress of oxygen
into the material. It is therefore important to quantify
impurities in order to differentiate weight gain of UO2
oxidation from that of oxidation of impurity elements.
Twenty non-volatile impurity elements were identified
and quantified by ICP-MS. Quantification of impurity
elements was limited to twenty elements that were most
likely to be present in UO2 based on reported findings
for similar sample types (see reference [13]). Measured
impurity concentrations are shown in Table 1. Values
are reported in units of µg of impurity element per gram
of U3O8 from ignition (TGA). Values represent averages
from eleven measurements performed on distinct ICP-MS
samples.
Weight gain values from TGA and impurity concen-
trations from ICP-MS were used to calculate uranium
content, U, in weight percent with the expression [7]:
U =
(
0.8480× (wF − wF × IN )
wI
)
× 100− IL
where 0.8480 is a conversion factor, wI is sample weight
prior to ignition, wF is sample weight after ignition, IN is
the total of measured nonvolatile impurities in grams of
oxide per gram of U3O8, and IL is the total of nonvolatile
impurities less than the lower detection limit. The latter
value was assumed to be 0.01% based on the recommen-
dation in reference [7]. Uranium content values were used
to calculate O:M values by the equation:
O : M =
(100− U)× 238.03
15.9994× U
where 238.03 and 15.9994 are the atomic weights of ura-
nium and oxygen, respectively. Calculated O:M val-
ues for UO2 and UO2.07 samples were 1.998(16) and
2.075(16), respectively. Uncertainty values were derived
by error propagation. A comparison of the calculated sto-
ichiometry measurements from the two methods (lattice
parameter and combustion analysis) shows good agree-
ment among the different calculations and indicates O:M
values of ∼2.00 and ∼2.07 for UO2 and UO2.07 samples,
respectively.
3.2. Neutron Diffraction Average Structures
Neutron diffraction patterns of UO2 and UO2.07 sam-
ples show that both materials are well-ordered and ex-
hibit fluorite-type structures (space group Fm3m). Fig-
ure 2 shows the various diffraction patterns collected at
room temperature for both samples from the six differ-
ent detector banks located at different scattering angles.
Each detector bank highlights a unique Q-range and ex-
hibits distinct resolution. For example, the high-angle
detector bank, bank 6 (2θ = 150.1 ◦), yields the highest
resolution of all detector banks, but probes the smallest
Q-range. A comparison of UO2 and UO2.07 data shows
that all diffraction patterns show strong, sharp Bragg
peaks and little to no peaks that are indicative of diffuse
scattering from defects and short-range ordering.
Rietveld refinement of the diffraction patterns reveals
that both materials are well represented with simple
fluorite structure models at all temperatures. A fluo-
rite structure model incorporating oxygen interstitials at
the 4b octahedral site (4b site occupancy = 0.07) was
fit to the diffraction patterns of UO2.07 but yielded no
improvement. Goodness-of-fit values, Rw, were identi-
cal (Rw = 0.09) with and without incorporation of in-
terstitials into the UO2.07 structural model. Other de-
fect and hyper-stoichiometric models, such as recently-
derived U4O9-type structures [14], were also attempted,
but yielded no improvement in the fit. According to the
5FIG. 2: Rietveld refinement fits to the various diffraction
patterns of UO2 and UO2.07 collected at room temperature.
Diffraction patterns from banks 1–4 (2θ = 8.60–65.0 ◦) are
shown in the d-spacing range 0.3–3.3A˚ whereas diffraction
patterns from banks 5–6 (2θ = 120.4–150.1 ◦) are shown from
0.3–1.8A˚. Black circles are measured data, red lines are fit-
ted fluorite structure models, and green lines represent the
difference between data and the fitted models.
established phase diagram [9], UO2.07 should exist as
a two-phase UO2+x(s) + α-U4O9−y mixture below 50–
100 ◦C, but there is no evidence of superlattice U4O9
peaks in the UO2.07 diffraction patterns at low tempera-
ture. U4O9-type models often yield diffraction peaks in
the 2-2.5 A˚ d-spacing range, which are not present in the
experimentally-measured patterns.
The Rietveld refinement fit results illustrate that
U4O9-phase superlattice diffraction peaks are sup-
pressed, despite the phase diagram indicating a UO2+x(s)
+ α-U4O9−y mixture. Similar observations were made
previously [15] and are attributed to variations in sam-
ple synthesis routes. For example, its been demonstrated
that rapid quenching can preserve high-temperature,
single-phase UO2+x (s) to room temperature [16]. De-
tailed analyses of atomic disorder parameters presented
later suggest that quenched UO2.07 contains hidden
U4O9-type atomic ordering despite the apparent suppres-
sion of U4O9-type superlattice Bragg peaks.
Rietveld analyses were further used to extract unit
cell parameters and measure atomic disorder indirectly
through inspection of atomic displacement parameters
(ADPs). Unit cell parameters measured with increasing
temperature were converted into relative linear thermal
expansion, µL/L0, in order to compare the data with
the empirical thermal expansion model of Martin [17],
which was later expanded upon by Fink [18] (so-called
Martin-Fink model). Relative linear thermal expansion
values were referenced to values at 0 ◦C (273 K), i.e.,
∆L/L0 = (LT L0)/L0, where LT and L0 are unit cell
parameters at temperature T ◦C and 0 ◦C, respectively.
Figure 3 shows the measured thermal expansion of UO2
and UO2.07 compared to the Martin-Fink prediction and
recent results from Guthrie et al. [4].
Measured thermal expansion data for both materials
are in good agreement with the Martin-Fink model, al-
though thermal expansion rates are closer to the upper
bound of the Martin-Fink prediction. Guthrie et al.
[4] recently reported a similar finding for stoichiomet-
ric UO2 at more elevated temperatures (∼1000–2500 ◦C).
The present data collected at lower temperatures (25–
1000 ◦C) are therefore complimentary to those results.
Gurthrie et al. [4] attributed the faster rate of thermal
expansion to improved experimental measurement reso-
lution from synchrotron XRD, as the Martin-Fink model
is based on data that are over 25 years old. Results
from both Guthrie et al. [4] and the present study are in
agreement with first-principles calculations that predict
slightly higher thermal expansion coefficients [19].
FIG. 3: Linear thermal expansion, ∆L/L0, of UO2 and
UO2.07 from room temperature to the melting temperature
(Tm). The inset shows an enlarged view of the region be-
tween 25–1000 ◦C to highlight data from the present study.
Data are compared to the Martin-Fink model [17, 18] and
synchrotron X-ray diffraction results from Guthrie et al. [4].
A comparison of thermal expansion data for UO2 and
UO2.07 shows behavior in agreement with former as-
sessments that hyper-stoichiometry has minimal effects
on thermal expansion [17]. The datasets are identical
within experimental uncertainty until ∼700 ◦C when the
trends begin to increasingly deviate. At temperatures
above ∼700 ◦C, the rate of thermal expansion for UO2.07
is slightly higher than that of UO2. The data remain
within limits of experimental uncertainty at the highest
6temperatures, but it is unknown if the two trends would
deviate more at higher temperatures. Further studies of
broader hyper-stoichiometric and temperature ranges are
needed in order to better assess the influence of hyper-
stoichiometry on thermal expansion rate.
Information regarding atomic disorder was derived
from inspection of ADPs. Uranium and oxy-
gen ADPs were modeled as isotropic (U11=U22=U33;
U12=U13=U23) in accordance with fluorite structure
symmetry constraints. ADPs, U , are related to in-
stantaneous atomic displacement, u, by the expression:
U =< u2 >. ADPs obtained from structural model-
ing are therefore a measure of the amount of atomic
disorder at a particular Wyckoff site. Disorder can be
caused by dynamic thermal atomic displacement and/or
static atomic displacement from short-range ordering or
defects. Figure 4 shows isotropic ADPs values of UO2
compared to: (a) stoichiometric UO2 results from Willis
[20] and Hutchings [21] and (b-c) UO2.07 values. Figure
4a illustrates the excellent agreement between measured
and reported data. ADPs for both uranium and oxygen
in stoichiometric UO2 gradually increase up to the melt-
ing point as a result of increasing thermal disorder. ADPs
for the uranium site are lower than that of corresponding
oxygen because of the lower magnitude of thermal vibra-
tion of the heavier uranium species compared to lighter
oxygen.
FIG. 4: (a) Evolution of the isotropic atomic displacement
parameters (Uiso) of UO2 from room temperature to the melt-
ing temperature (Tm) compared to reported findings from
Willis [20] and Hutchings [21]. (b) Comparison of Uiso val-
ues of UO2 and UO2.07 at various temperatures. (c) Low-
temperature region from figure 4b highlighting small changes
in UO2.07 Uiso values compared to UO2 values. Error bars
are omitted in figure 4c for clarity.
A comparison of UO2 and UO2.07 ADPs reveals that
oxidation causes an increase in ADPs, likely as a result
of point defect accumulation. Both uranium and oxygen
site ADPs of UO2 and UO2.07 are within experimental
uncertainty for most of the temperature range studied.
However, UO2.07 values are consistently higher than UO2
values at nearly all temperatures (Figure 4b). This in-
dicates that UO2.07 contains more static atomic disor-
der at any given temperature between 25–1000 ◦C. A
close inspection of the ADPs at low temperatures (Fig-
ure 4c) reveals that the difference between the UO2 and
UO2.07 data exceeds the limits of experimental uncer-
tainty between ∼25–100 ◦C. ADPs of UO2.07 in this
region increase unusually fast, maintain higher values,
and then decrease slightly at ∼100 ◦C. This unique
behavior is attributed to the hidden U4O9 phase and
the UO2+x(s)+α-U4O9−y → UO2+x(s)+β-U4O9−y phase
boundary. The α-to-β phase transition temperature
likely occurs at∼80–90 ◦C based on Figure 4c. This value
is in good agreement with the established phase diagram
(Figure 1). No clear evidence for a UO2+x(s)+β-U4O9−y
→ UO2+x(s) transition was observed at higher tempera-
tures from inspection of the ADP in Figure 4b because
of the relatively large error bars.
In order to better probe the UO2+x(s)+β-U4O9−y →
UO2+x(s) phase boundary, the evolution of the ADPs was
compared to Debye models. Debye theory, strictly speak-
ing, only applies to monatomic crystals. However, it has
been successfully applied to well-behaved systems and
simple ionic crystals in order to predict the temperature
evolution of ADPs by estimating the ADP contribution
from dynamic thermal displacements [22]. The appli-
cation of Debye theory is beneficial because deviations
in ADP trends from Debye predictions often indicate the
presence of static atomic disorder that arises from defects
or phase transformations. The temperature evolution of
the ADPs was calculated using the expression:
UT =
3~2T
Mkbθ2D
[
φ(
θD
T
) +
1
4
θD
T
]
+A
where UT is the isotropic ADP at temperature T , ~ is the
reduced Plank constant, M is the mass of the vibrating
atomic species, kb is the Boltzmann constant, θD is the
Debye temperature of the material (125 ◦C for UO2), A
is an arbitrary y-axis offset constant that accounts for
intrinsic static atomic disorder in the system, and the
function φ(x) is defined as:
φ(x) =
1
x
∫ x
0
x′
ex
′ − 1dx
′
Willis [20] modeled the ADPs of stoichiometric UO2
and concluded that the Debye model best represents the
vibrations of heavy metal atoms and not lighter oxygen
atoms. As such, data used for this modeling procedure
were limited to uranium ADPs for UO2 and UO2.07.
Moreover, only high-statistics data from the 30-minute
measurements were used because they have much smaller
error bars and enable more accurate assessment of small
7changes in ADP behavior. Figure 5 shows the compari-
son of the uranium ADP data to the Debye model pre-
dictions. The results show that Debye theory predicts
the evolution of ADPs for UO2 extremely accurately be-
tween the Debye temperature (∼100 ◦C) and the high-
est temperature (1000 ◦C). This is in contrast to the
UO2.07 data, which show increasing deviation from the
Debye prediction (red line in Figure 5) between ∼350
and 425 ◦C. ADPs at higher temperatures (>350 ◦C) are
lower than the Debye prediction, which indicates that
there is less static atomic disorder in the material at these
elevated temperatures than what is predicted from fitting
the lowest temperature data point (100 ◦C).
FIG. 5: Evolution of the uranium isotropic atomic displace-
ment parameter (Uiso) for UO2 and UO2.07 compared with
Debye model predictions. Red lines denote Uiso trends fitted
to the first few data points at or above the Debye temperature
(∼100 ◦C). The blue line was fit to the highest temperature
data point of UO2.07 (1000
◦C) with an offset along the y-axis
to account for a decrease in static atomic disorder.
A second Debye model trendline with a negative y-axis
offset (blue line in Figure 5) was fit to the ADP of UO2.07
at 1000 ◦C in order to account for the decrease in static
atomic disorder in the material. A comparison of the two
trendlines and the ADP data for UO2.07 suggests that
the ADP data begin to deviate from the red line towards
the blue line near ∼425 ◦C. One explanation for this
behavior is that the material crosses the UO2+x(s)+β-
U4O9−y → UO2+x(s) phase boundary. The co-existence
of UO2+x(s) and β-U4O9−y phases increases microstrain
at phase domain interfaces and increases static atomic
disorder because the β-U4O9−y phase contains cubocta-
hedral defect arrangements [14]. This explains why the
initial Debye trendline is offset to higher ADP values:
Upon transitioning to single-phase UO2+x (UO2+x(s)) at
higher temperatures, heterogeneous microstrain is mit-
igated. It is also possible that oxygen interstitials are
more easily incorporated in UO2+x(s) because of ther-
mal expansion effects. The easier incorporation of inter-
stitials decreases static atomic disorder at temperatures
greater than ∼600 ◦C and the Debye trendline is offset to
lower ADP values. Further evidence for the UO2+x(s)+β-
U4O9−y → UO2+x(s) transition was derived from analysis
of short-to-intermediate range structures by PDF analy-
sis.
3.3. Pair Distribution Function (PDF) Analysis
Short-Range Structures
Oxidation of UO2 proceeds primarily through the in-
corporation of oxygen interstitials in the fluorite struc-
ture. Numerous experimental [23–27] and computational
studies [1, 28–31] have demonstrated that interstitials
are not distributed at random, but rather form complex
defect clusters. Inter- and intra-cluster atomic arrange-
ments dictate phase stability in hyper-stoichiometric ura-
nium oxides, especially U4O9 phases [14]. Therefore,
short- and intermediate-range atomic arrangements were
probed using neutron PDF analysis. A PDF is an in-
teratomic distance map of a material wherein each peak
is made up of one or more atom-atom pair correlations.
Figure 6 shows the PDFs of UO2 and UO2.07 at various
temperatures. As denoted by the labels above the PDF
peaks, the first four peaks largely comprise first nearest-
neighbor (1-NN) U-O, O-O, and U-U correlations. The
lone exception is the third peak, which is made up of
overlapping 1-NN U-U and second nearest-neighbor O-
O correlations. PDF peaks are relatively sharp and well
defined at low temperatures but broaden significantly at
higher temperatures. Broadening and concomitant low-
ering of peak intensities is induced primarily by thermal
disorder. Besides general peak broadening behavior, Fig-
ure 6 shows that the local structures of UO2 and UO2.07
are extremely similar. The local atomic configurations
of U4O9 phases are known to be distinct from that of
fluorite-type UO2+x(s); therefore, U4O9 phases and their
associated defect clusters, which co-exist with UO2+x(s)
at low temperatures (< 600 ◦C) in UO2.07, must con-
tribute little to the overall PDF signal intensity. This is
in agreement with the diffraction data, which showed no
evidence of U4O9-type domains.
When correlations are isolated, as is the case for 1-
NN U-O and 1-NN O-O peaks, mean interatomic dis-
tances can be approximated by measuring the position
of peak maxima in the PDF. Figures 6c-d show the evo-
lution of 1-NN U-O and O-O distances for both UO2
and UO2.07 with varying temperature. Mean O-O values
8FIG. 6: Evolution of low-r region of pair distribution functions (PDFs) of (a) UO2 (b) UO2.07 with increasing temperature.
Labels are used to denote the first 4 peaks in the PDFs and the arrows illustrate how peak intensities decrease with increasing
temperature. PDFs collected at temperatures 25–1000 ◦C are shown as colored curves with varying peak intensities. Peak
maxima were used to plot the relative change in mean first nearest-neighbor (c) U-O and (d) O-O distances relative to room-
temperature values. Black and red filled circles represent UO2 and UO2.07 data from the present study, respectively. Black open
circles and the dashed line represent experimental data from Skinner et al. [5] and molecular dynamics predictions referenced
in [5], respectively. Filled red circles and filled black circles overlap at 25 ◦C, 100 ◦C, 200 ◦C, and 300 ◦C in (c), and at 25 ◦C
and 100 ◦C in (d). O-O distances were not recorded above 500 ◦C because the first nearest-neighbor U-O and O-O peaks merge
and O-O peak maxima were not clearly distinguishable at those temperatures.
were limited to data collected at relatively low temper-
atures (<550 ◦C) because the 1-NN O-O peak merged
with the 1-NN U-O peak above ∼550 ◦C and it was not
possible to accurately determine the position of the peak
maximum at these temperatures. Results show that the
1-NN U-O distance (∼2.36 A˚) for both UO2 and UO2.07
remains approximately fixed until ∼600 ◦C when the in-
teratomic distance begins to decrease, despite the con-
current expansion in unit cell volume. Published results
from molecular dynamics (MD) simulations [5] (dashed
line in Figure 6) suggest a gradually decreasing U-O dis-
tance from ∼25 ◦C and approximate the experimental
data quite well considering that there is scatter in data
from both the present study and from the study of Skin-
ner et al. [5]. Higher-temperature data from Skinner et
al. was derived from synchrotron X-ray PDF analysis
(black open circles in Figure 6). Collectively, the results
suggest that the Yakub MD potential is reliable for this
application and the 1-NN U-O contraction that occurs at
lower temperatures (<600 ◦C) is too small to be experi-
mentally detected.
The contraction of the 1-NN U-O distance with in-
creasing temperature has been attributed to increasing
disorder of UO8 cubic polyhedra [5]. Thermal disor-
9der and oxygen migration in the materials presumably
promotes the co-existence of slightly over- and under-
coordinated UO8±x polyhedra containing slightly shorter
and longer U-O distances. It is possible that shorter U-O
distances occur in larger concentrations and this results
in an overall contraction of the mean 1-NN U-O distance.
Whether these distorted configurations are stable or ex-
ist as transient states remains unknown owing to the in-
herent time-averaged nature of scattering measurements.
Some researchers have shown that the very local struc-
ture of UO2 can be accurately represented by Pa3 local
atomic arrangements at 1000 ◦C [3]. This type of lo-
cal arrangement yields two distinct U-O distances, one
shorter and one longer, rather than just one average U-O
distance (as for Fm3m) and results in the introduction
of octahedral polyhedra into the structure. In order to
agree with the long-range Fm3m symmetry of UO2 from
diffraction, it has been proposed that Pa3 arrangements
form as nano-domains that are modulated over longer
length scales in order to yield an averaged fluorite-type
arrangement [32].
1-NN O-O distances (∼2.72 A˚) for both UO2 and
UO2.07 exhibit significant scatter over the entire tem-
perature range. It is emphasized that the reported O-
O distances merely represent peak maxima and likely
do not correspond to true mean O-O distances. It is
therefore possible that two or more characteristic O-O
distances make up the 1-NN O-O peak and this causes
the observed scatter. The non-linear changes in O-O dis-
tance can also result from the existence of a continuum
of O-O distances that occur because the oxygen sublat-
tice is very prone to disorder. In order to quantify the
extent of atomic disorder and the very small differences
between UO2 and UO2.07 short-range configurations, the
PDFs were fit with simple fluorite-structure models using
small-box PDF modeling.
PDFs of both UO2 and UO2.07 were well represented
by ideal fluorite structures at all temperatures. As with
Rietveld refinement, PDF fits of UO2.07 were not im-
proved upon adding interstitials (x = 0.07) into the flu-
orite structure model at 4b octahedral sites. Figure 7
shows a comparison of PDF fit results for UO2 and
UO2.07 data collected at room temperature. The fig-
ure shows that both PDFs are fit very well as illustrated
by the green difference curves with low overall intensity.
UO2.07 fit results are in agreement with Rietveld refine-
ment findings and show that structural features associ-
ated with U4O9-type phases are strongly suppressed at
short length scales.
Attempts made to fit α-type and β-type U4O9 phases
based on proposed structural models [14] were initially
unsuccessful. The two U4O9-type phases were each fit to
UO2.07 data as components of two-phase mixtures in con-
junction with a simple fluorite-type UO2.00 phase. How-
ever, U4O9 phases contain a much greater number of re-
fineable parameters. This resulted in model instability
when fitting two-phase mixtures because the relative in-
tensity of the U4O9-phase was very low compared to that
of the fluorite-type phase. Refinements performed with a
very limited number of U4O9-phase refineable parameters
yielded maximum U4O9 phase fractions of ∼15% relative
to the fluorite-type phase (85%). These values are signif-
icantly smaller than phase fractions expected from phase
diagram tie-line constructions for UO2.07 at 25
◦C and
confirms that structural features associated with U4O9
phases are extremely weak.
FIG. 7: Comparison of small-box refinement fits to the pair
distribution functions (PDFs) of UO2 and UO2.07. The top
frames show results from only fitting the very local structure
(1–10A˚) at room temperature. The bottom frames illustrate
results from fitting the entirety of the PDF range (1–50A˚) at
1000 ◦C.
Evidence for U4O9 features and phase boundaries was
further probed by monitoring goodness-of-fit parameters,
Rw, with varying temperature. For this analysis, both
UO2 and UO2.07 PDFs were fit with a pristine fluorite
structure model with no interstitials. Figure 8 shows
the evolution of Rw for UO2 and UO2.07 with increasing
temperature. The fit to UO2 data improves steadily with
increasing temperature, likely because increased thermal
disorder smoothens out sharp PDF features and facil-
itates peak fitting. Results for UO2.07 show a similar
progression except at 600 and 1000 ◦C where the trend
deviates. Relative to the UO2 trend, the Rw values of
UO2.07 increase above 425
◦C, indicating a worsening
fit. Comparison of the difference curves for UO2 and
UO2.07 at 425, 600, and 1000
◦C (Figure 7) did not il-
lustrate a clear cause for the sharp deviation. To the
naked eye, the UO2 and UO2.07 difference curves are very
similar at 1000 ◦C despite the Rw values being signifi-
cantly different. The most likely cause for the deviation
in the Rw trend for UO2.07 is the UO2+x(s)+β-U4O9−y
→ UO2+x(s) transition. The worsening fit at the highest
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temperatures indicates that the UO2+x(s) phase in the
UO2+x(s)+β-U4O9−y mixture can be approximated as
UO2.00, in agreement with the phase diagram. At high-
temperatures (>600 ◦C), β-U4O9−y domains dissolve and
the UO2.07 material becomes single-phase with an oxy-
gen interstitial ordering scheme that is distinct from that
of U4O9 phase.
Despite the identification of the phase boundary, spe-
cific structural changes are not clearly distinguishable
from the PDFs, and differences between data and the
fitted models do not exhibit any strong r-dependence.
In other words, changes occurring in the PDF upon
transitioning from mixed UO2+x(s)+β-U4O9−y to single-
phase UO2+x(s) are not specific to short- or intermediate-
range structures. Atomic structure modifications likely
occur in small amounts throughout the r range. This
weak r-dependence is expected when point defects ex-
ist in clustered arrangements, as is the case for hyper-
stoichiometric UO2+x. If point defects were instead ac-
commodated randomly, the material would eventually
tend towards an amorphous state (i.e., loss of long-range
order) and changes in the PDF would be concentrated
at higher r values, which is not the case. A close com-
parison of fitted peak intensities in Figure 7 suggests
that the largest differences between the three UO2+x
phases (mixed-phase UO2+x(s)+α-U4O9−y, mixed-phase
UO2+x(s)+β-U4O9−y, and single-phase UO2+x(s)) are
relative changes in PDF peak intensities. This suggests
that these distinct mixtures and phases are closely re-
lated and only differ by small changes in oxygen defect
accommodation scheme [14].
Defect accommodation schemes in U4O9-type phases
were elucidated previously by neutron PDF analysis [14],
but accurate assessment of defect clusters in single-phase
UO2+x remains challenging owing to the diffuse nature of
interstitials in UO2+x in the low O:M regime. As a test,
the very local structures (1 A˚< r < 10 A˚) of the PDFs
of single-phase UO2.07 were fit with established defect
models from the literature. UO2.07 defect models were
approximated using 23 UO2 supercells containing 2 ad-
ditional oxygen atoms (overall composition of U32O66 or
∼UO2.063). The two interstitials were arranged either at
4b sites (octahedral model), as split di-interstitial defect
clusters (di-interstitial model) [1], or as 2:2:2-type defect
clusters [25] (Willis model). Fitting these simple mod-
els to the PDF of UO2.07 at 1000
◦C yielded Rw values
of 0.086, 0.082, and 0.075 for octahedral, di-interstitial,
and Willis models, respectively. Fitting to UO2.07 data
at 600 ◦C yielded Rw values of 0.072, 0.068, and 0.064, re-
spectively. These results indicate that the local structure
of single-phase UO2.07 at 600 and 1000
◦C is most consis-
tent with the 2:2:2 Willis defect cluster model; however,
these results stem from fitting only the very local struc-
ture of the material (1 A˚< r < 10 A˚) and do not consider
the changes in intermediate- and long-range structures
or changes in defect cluster geometry. In-depth model-
FIG. 8: Relative change of pair distribution function
goodness-of-fit parameters, ∆Rw, of UO2 and UO2.07 with in-
creasing temperature. The increase in ∆Rw for UO2.07 at the
highest temperatures indicates that the fit worsens at 600 ◦C
and 1000 ◦C relative to the fit at 425 ◦C.
ing and analysis of point defect clusters was considered
beyond the scope of the current study. Recent findings
from Ma et al. [33] demonstrate that it is very challeng-
ing to differentiate between different defect models when
interpreting subtle changes in PDF peak intensities. De-
velopment of novel data modeling methods is needed in
order to reconcile the remaining discrepancy in atomic
ordering schemes between short- and long-range length
scales.
4. CONCLUSIONS
UO2 and UO2.07 were characterized from 25–1000
◦C
using neutron total scattering in order to evaluate ef-
fects of temperature and phase boundaries on structural
arrangements. Analyses of unit cell parameters showed
that both materials exhibit very similar thermal expan-
sion behavior and thermal expansion data lie along the
upper bound of uncertainty for currently-accepted empir-
ical models. Atomic displacement parameters of UO2.07
show evidence for U4O9 phase boundaries in accordance
with the established phase diagram despite the suppres-
sion of U4O9 superlattice peaks in the measured diffrac-
tion patterns. Pair distribution function (PDF) analysis
revealed that the differences in local structure between
UO2 and UO2.07 are very small and defect signatures in
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the PDFs are heavily obscured by thermal effects.
ACKNOWLEDGEMENTS
This research was supported by the Office of Basic En-
ergy Sciences of the U.S. Department of Energy as part
of the Materials Science of Actinides Energy Frontier Re-
search Center (de-sc0001089). The research at ORNL’s
Spallation Neutron Source was sponsored by the Scien-
tific User Facilities Division, Office of Basic Energy Sci-
ences, US Department of Energy. JL acknowledges the
financial support from the U.S. Department of Energy,
Office of Nuclear Energy under a Nuclear Energy Univer-
sity Program (de-ne0008440). R.I.P. acknowledges sup-
port from the U.S. Department of Energy (DOE) Na-
tional Nuclear Security Administration (NNSA) through
the Carnegie DOE Alliance Center (CDAC) under grant
number DE-NA-0002006.
[1] D. A. Andersson et al., Physical Review B 80 (2009).
[2] K. Gofryk et al., Nature Communications 5 (2014).
[3] L. Desgranges et al., Inorganic Chemistry (2016).
[4] M. Guthrie et al., Journal of Nuclear Materials 479, 19
(2016).
[5] L. Skinner et al., Acta Crystallographica Section A 346,
984 (2014).
[6] T. Yao et al., Journal of the American Ceramic Society
101, 1105 (2017).
[7] ASTM-International, “Standard c1453-00,” (Version-
2011).
[8] A. Quemet et al., Talanta 99, 207 (2012).
[9] J. D. Higgs, W. T. Thompson, B. J. Lewis, and S. C.
Vogel, Journal of Nuclear Materials 366, 297 (2007).
[10] B. Toby, Journal of Applied Crystallography 34, 210
(2001).
[11] C. L. Farrow et al., Journal of Physics-Condensed Matter
19 (2007).
[12] K. Teske, H. Ullmann, and D. Rettig, Journal of Nuclear
Materials 116, 260 (1983).
[13] G. Leinders et al., Journal of Nuclear Materials 459, 135
(2015).
[14] L. Desgranges, G. Baldinozzi, D. Simeone, and H. E.
Fischer, Inorganic Chemistry (2016).
[15] B. Belbeoch, J. Boivineau, and P. Perio, Journal of
Physics and Chemistry of Solids 28, 1267 (1967).
[16] B. Schaner, Journal of Nuclear Materials 2, 110 (1960).
[17] D. Martin, Journal of Nuclear Materials 152, 94 (1988).
[18] J. Fink, Journal of Nuclear Materials 279, 1 (2000).
[19] Y. Yun, D. Legut, and P. Oppeneer, Journal of Nuclear
Materials 426, 109 (2012).
[20] B. Willis, Proceedings of the Royal Society of London A:
Mathematical, Physical and Engineering Sciences 274,
134 (1963).
[21] M. Hutchings, Journal of the Chemical Society-Faraday
Transactions II 83, 1083 (1987).
[22] E. Bozin et al., Journal of the Chemical Society-Faraday
Transactions II 330, 1660 (2010).
[23] A. Murray and B. Willis, Journal of Solid State Chem-
istry 84, 52 (1990).
[24] B. Willis, Journal of the Chemical Society, Faraday
Transactions 2: Molecular and Chemical Physics 83,
1073 (1987).
[25] B. Willis, Acta Crystallographica Section A 34, 88
(1978).
[26] B. Willis, Proceedings of the British Ceramic Society 1,
9 (1964).
[27] B. Willis, Nature 197, 755 (1963).
[28] H. Geng et al., Physical Review B 77 (2008).
[29] H. Geng, Y. Chen, Y. Kaneta, and M. Kinoshita, Ap-
plied Physics Letters 93, 201903 (2008).
[30] D. Andersson, G. Baldinozzi, L. Desgranges, D. Conrad-
son, and S. Conradson, Inorganic Chemistry 52, 2769
(2013).
[31] D. Andersson, J. Lezama, B. Uberuaga, C. Deo, and
S. Conradson, Physical Review B 79 (2009).
[32] L. Desgranges, Y. Ma, P. Garcia, G. Baldinozzi, D. Sime-
one, and H. Fischer, Chemistry A European Journal 24,
2085 (2018).
[33] Y. Ma et al., Inorganic Chemistry 57, 7064 (2018).
